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Abstract:
The cross-section for γγ →W+W− with arbitrary polarized photons and W bosons is
calculated within the electroweak Standard Model including the complete virtual and soft-
photonic O(α) corrections. We present a detailed numerical discussion of the complete
radiative corrections and an analytical investigation of the leading corrections. It turns out
that in the on-shell renormalization scheme for fixedMW no leading corrections associated
with the running of α or heavy top-quark and Higgs-boson masses occur. The corrections
are typically of the order of 10%. They reach, however, larger values where the lowest-
order cross-sections are suppressed.
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1 Introduction
The SU(2)×U(1) standard electroweak theory has passed many precision tests during
the last years. In particular, measurements of the muon decay constant Gµ, the gauge-
boson masses MW and MZ, and the decay widths and asymmetries of the Z boson at
LEP have provided stringent constraints which are successfully fulfilled by the Standard
Model (SM) evaluated at one-loop level. The experimental data favor a value for the
top-quark mass which is in accordance with the direct measurements [ 1] of CDF, mt =
176 ± 16GeV, and DØ, mt = 199 ± 30GeV. Nevertheless, further precision tests of
the SM are required. Up to now, only weak direct experimental information exists on
the non-Abelian self-interaction of the gauge bosons [ 2]. Moreover, no experimental
evidence on the mechanism of spontaneous symmetry breaking, which is responsible for
mass generation and postulates the existence of the scalar Higgs boson, has been found yet.
For such investigations, energies of several hundred GeV or even few TeV are needed, since
the sensitivity to deviations from the SM gauge-boson self-interaction grows strongly with
energy, and the existence of the Higgs particle can be proven only by direct production.
To this end, a “Next Linear Collider” (NLC) for ee, eγ, and γγ collisions was proposed [ 3]
which offers a unique environment for such precision experiments owing to the comparably
small background.
A particularly interesting process in γγ collisions is γγ → W+W−. Its total cross-
section approaches a constant of about 80 pb at high energies corresponding to 8 × 106
W pairs for 10 fb−1. This large cross-section is due to the massive t-channel exchange and
is drastically reduced by angular cuts. But even for |cos θ| < 0.8 the cross-section is still
15 and 4 pb at a center-of-mass energy of 500 and 1000GeV, respectively, and thus much
larger as e.g. the one for e+e− → W+W−. Hence γγ → W+W− is very well-suited for
precision investigations of the SM.
Several features of γγ →W+W− have already been discussed in the literature. Most
of the existing works concentrated on tree-level predictions [ 4], in particular on the
influence of anomalous non-Abelian gauge couplings [ 5, 6, 7]. The process γγ →W+W−
depends at tree level both on the triple γWW and the quartic γγWW coupling, and no
other vertices are involved in the unitary gauge at lowest order. The sensitivity to the
γWW coupling is comparable and complementary to the reactions e+e− → W+W− and
e−γ →W−ν: the first involves a mixture of the γWW and the ZWW coupling, the second
involves the γWW alone but is less sensitive [ 6]. Because the sensitivity to the γγWW
coupling is much larger than the one in e+e− processes, γγ →W+W− is the ideal process
to study this coupling [ 7].
The one-loop diagrams involving a resonant Higgs boson have been calculated in order
to study the possible investigation of the Higgs boson via γγ → H∗ → W+W− [ 8,
9, 10, 11]. Based on our complete one-loop calculation, we have supplemented these
investigations by a discussion of the heavy-Higgs effects in Ref. [ 12]. As a matter of fact,
only the (suppressed) channels of longitudinal W-boson production are sensitive to the
Higgs mechanism, but the (dominant) channels of purely transverse W-boson production
are extremely insensitive. This insensitivity to the Higgs sector renders γγ → W+W−
even more suitable for the investigation of the non-Abelian self couplings.
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In this paper, we focus on the complete SM one-loop corrections to γγ →W+W−. One
reason why these have not been calculated so far is certainly their analytical complexity.
We have calculated the numerous Feynman graphs (roughly 300–550 depending on the
gauge fixing) by using Mathematica [ 13]. More precisely, we have generated and drawn
the Feynman graphs by FeynArts [ 14] and performed three different calculations, one in
’t Hooft–Feynman gauge using FeynCalc [ 15] and two in a non-linear gauge with and
without using FeynCalc. As the final result exhibits a very complicated and untransparent
analytical form, we refrain from writing it down in full detail. Instead, we indicate its
general structure and present a detailed discussion of the numerical results for the O(α)
(virtual and real soft-photonic) corrections to the polarized as well as unpolarized cross-
sections. We restrict the presentation of the analytical results to the lowest-order cross-
sections and the most important O(α) corrections. In particular, we discuss the Higgs
resonance, the heavy-Higgs effects, the Coulomb singularity, and the leading effects from
light fermions and a heavy top quark.
The paper is organized as follows: After fixing our notation and conventions in
Section 2, we consider the lowest-order cross-sections for various polarizations in Section 3.
In Section 4 we discuss the evaluation and general features of the radiative corrections
and in Section 5 the numerical results.
2 Notation and conventions
We consider the reaction
γ(k1, λ1) + γ(k2, λ2)→W+(k3, λ3) +W−(k4, λ4) ,
where λ1,2 = ±1 and λ3,4 = 0,±1 denote the helicities of the incoming photons and
outgoing W bosons, respectively.
In the center-of-mass system (CMS) the momenta read in terms of the beam energy
E of the incoming photons and the scattering angle θ
kµ1 = E(1, 0, 0,−1) ,
kµ2 = E(1, 0, 0, 1) ,
kµ3 = E(1,−β sin θ, 0,−β cos θ) ,
kµ4 = E(1, β sin θ, 0, β cos θ) , (1)
where β =
√
1−M2W/E2 is the velocity of the W bosons in the CMS. We define the
Mandelstam variables
s = (k1 + k2)
2 = (k3 + k4)
2 = 4E2 ,
t = (k1 − k3)2 = (k2 − k4)2 = M2W −
s
2
(1− β cos θ) ,
u = (k1 − k4)2 = (k2 − k3)2 = M2W −
s
2
(1 + β cos θ) . (2)
In order to calculate polarized cross-sections, we introduce explicit polarization vectors
for the photons and W bosons as follows
εµ1 (k1, λ1 = ±1) =
−1√
2
(0, 1,∓i, 0) ,
2
εµ2 (k2, λ2 = ±1) =
1√
2
(0, 1,±i, 0) ,
ε∗3
µ(k3, λ3 = ±1) = −1√
2
(0, cos θ,±i,− sin θ) ,
ε∗4
µ(k4, λ4 = ±1) = 1√
2
(0, cos θ,∓i,− sin θ) ,
ε∗3
µ(k3, λ3 = 0) =
E
MW
(β,− sin θ, 0,− cos θ) ,
ε∗4
µ(k4, λ4 = 0) =
E
MW
(β, sin θ, 0, cos θ) . (3)
We decompose the amplitudeM into invariant functions Fijkl and standard matrix el-
ements (SME)Mijkl, which contain the whole information about the boson polarizations.
Using the transversality condition for the polarization vectors and Schouten’s identity, the
amplitude M can be reduced to
M(λ1, λ2, λ3, λ4, s, t) =
∑
i,j={0,3,4}
∑
k,l={0,1,2}
Fijkl(s, t)Mijkl(λ1, λ2, λ3, λ4, s, t)
+ F
(t)
0000(s, t)M(t)0000(λ1, λ2, λ3, λ4, s, t)
+ F
(u)
0000(s, t)M(u)0000(λ1, λ2, λ3, λ4, s, t) (4)
with (i, j = {3, 4}, k, l = {1, 2})
Mijkl = (ε1 · ki)(ε2 · kj)(ε∗3 · kk)(ε∗4 · kl)/s2, (5)
M0jkl = (ε1 · A)(ε2 · kj)(ε∗3 · kk)(ε∗4 · kl)/s,
Mi0kl = (ε1 · ki)(ε2 · A)(ε∗3 · kk)(ε∗4 · kl)/s,
Mij0l = (ε1 · ki)(ε2 · kj)(ε∗3 · A)(ε∗4 · kl)/s,
Mijk0 = (ε1 · ki)(ε2 · kj)(ε∗3 · kk)(ε∗4 ·A)/s, (6)
M00kl = (ε1 · ε2)(ε∗3 · kk)(ε∗4 · kl)/s,
M0j0l = (ε1 · ε∗3)(ε2 · kj)(ε∗4 · kl)/s,
M0jk0 = (ε1 · ε∗4)(ε2 · kj)(ε∗3 · kk)/s,
Mi00l = (ε2 · ε∗3)(ε1 · ki)(ε∗4 · kl)/s,
Mi0k0 = (ε2 · ε∗4)(ε1 · ki)(ε∗3 · kk)/s,
Mij00 = (ε∗3 · ε∗4)(ε1 · ki)(ε2 · kj)/s, (7)
M000l = (ε1 · ε2)(ε∗3 · A)(ε∗4 · kl),
M00k0 = (ε1 · ε2)(ε∗3 · kk)(ε∗4 ·A),
M0j00 = (ε∗3 · ε∗4)(ε1 · A)(ε2 · kj),
Mi000 = (ε∗3 · ε∗4)(ε1 · ki)(ε2 · A), (8)
M0000 = (ε1 · ε2)(ε∗3 · ε∗4),
M(t)0000 = (ε1 · ε∗3)(ε2 · ε∗4),
M(u)0000 = (ε1 · ε∗4)(ε2 · ε∗3), (9)
3
and
Aµ =
i
ut−M4W
εµνρσk
ν
1k
ρ
2k
σ
3 , ε0123 = −1 . (10)
Our choice of polarization vectors for the photons implies
εikj = 0, i, j = 1, 2 , (11)
and thus by virtue of momentum conservation
εik3 = −εik4, i = 1, 2 . (12)
We use this relation to eliminate all SME involving ε1k4 and ε2k3. This reduces the 83
SME defined in (5) – (9) to 38 for the process under consideration.
As a consequence of CP invariance and Bose symmetry only the sum of each SME and
the one with (ε1, k1, ε3, k3) and (ε2, k2, ε4, k4) interchanged occurs. For instance, M0401
only appears in the combinationM0401+M3020 in the expansion ofM in (4). This leaves
22 independent SME.
In four dimensions, the matrix elementsM(t)0000 andM(u)0000 are not linearly independent
from the set of all Mijkl and can be reduced to linear combinations of the other matrix
elements using the identities
δ
ε1ε
∗
3
k1k2k3
ε2ε
∗
4
k1k2k3
= δ
ε1ε
∗
4
k1k2k3
ε2ε
∗
3
k1k2k3
= 0 (13)
involving the Gram determinant
δp1...pnq1...qn =
∣∣∣∣∣∣∣
p1 · q1 . . . p1 · qn
...
. . .
...
pn · q1 . . . pn · qn
∣∣∣∣∣∣∣ . (14)
Nevertheless, we keep M(t)0000 and M(u)0000 for convenience.
Bose symmetry implies that the amplitude M is invariant under the interchange
(k1, ε1) ↔ (k2, ε2). Since many diagrams can be related to others by this transforma-
tion, it is useful to introduce a second set of SME which is obtained from (5)–(9) by this
interchange. Of course, this second set of SME can be expressed by the original set.
Besides Bose symmetry also CP is an exact symmetry, since we use a unit quark-
mixing matrix.1 The helicity amplitudes for fixed polarization configurations are related
as follows
Mλ1λ2λ3λ4(s, t, u) =Mλ2λ1λ3λ4(s, u, t) (Bose)
Mλ1λ2λ3λ4(s, t, u) =M−λ1−λ2−λ4−λ3(s, u, t) (CP)
Mλ1λ2λ3λ4(s, t, u) =M−λ2−λ1−λ4−λ3(s, t, u) (Bose+CP). (15)
In the following, we only consider the sum of the two transverse W polarizations.
Therefore we indicate the polarizations of the external particles by four labels, the first
pair corresponding to the photons, and the second pair to the W bosons. The labels +,−
1For a non-trivial quark-mixing matrix, CP would be violated in the considered process first at two-
loop level.
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represent right-handed and left-handed photons, respectively, L stands for longitudinal,
and T for the sum of the two transverse W polarizations.
The combination of Bose and CP symmetry leads to the following relations between
the differential cross-sections with equal photon helicities(
dσ
dΩ
)
−−TT
=
(
dσ
dΩ
)
++TT
,
(
dσ
dΩ
)
−−LL
=
(
dσ
dΩ
)
++LL
,
(
dσ
dΩ
)
−−(LT+TL)
=
(
dσ
dΩ
)
++(LT+TL)
. (16)
Moreover, Bose symmetry implies that all cross-sections in (16) are forward–backward
symmetric. For different photon helicities Bose symmetry leads to(
dσ
dΩ
)
−+TT
(s, t, u) =
(
dσ
dΩ
)
+−TT
(s, u, t) ,
(
dσ
dΩ
)
−+LL
(s, t, u) =
(
dσ
dΩ
)
+−LL
(s, u, t) ,
(
dσ
dΩ
)
−+(LT+TL)
(s, t, u) =
(
dσ
dΩ
)
+−(LT+TL)
(s, u, t) , (17)
whereas Bose+CP does not yield further relations.
C and P symmetry are only violated by the fermionic loop corrections, but hold in
lowest order and for the bosonic loop corrections. We indicate these restricted symmetries
by a modified equality sign
Mλ1λ2λ3λ4(s, t, u) =P M−λ1−λ2−λ3−λ4(s, t, u) ,
Mλ1λ2λ3λ4(s, t, u) =C Mλ1λ2λ4λ3(s, u, t) . (18)
P invariance then implies for the differential cross-sections(
dσ
dΩ
)
−+TT
=
P
(
dσ
dΩ
)
+−TT
,
(
dσ
dΩ
)
−+LL
=
P
(
dσ
dΩ
)
+−LL
,
(
dσ
dΩ
)
−+(LT+TL)
=
P
(
dσ
dΩ
)
+−(LT+TL)
. (19)
In combination with (17) this means that the forward-backward asymmetries of the differ-
ential cross-sections for unequal photon helicities are entirely due to fermionic corrections.
We perform the calculation both in ’t Hooft–Feynman (tHF) gauge and in a gauge
with the following non-linear (NL) gauge-fixing term [ 16]
LGF = −
∣∣∣∣∂µW+µ + ie(Aµ − cWsWZµ)W+µ − iMWφ+
∣∣∣∣2
− 1
2
(∂µZµ −MZχ)2 − 1
2
(∂µAµ)
2 , (20)
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Figure 1: Lowest-order diagrams for γγ →W+W− in NL gauge
with the conventions of Ref. [ 17] for the fields. In particular, φ± and χ denote the charged
and neutral would-be-Goldstone fields, respectively. In this NL gauge the φ±W∓A vertices
vanish. This reduces the number of Feynman graphs in comparison to the tHF gauge
considerably.
3 Lowest-order cross-section
In NL gauge, only the three diagrams of Fig. 1 contribute to the lowest-order am-
plitude. In tHF gauge two additional diagrams exist which involve internal φ fields.
Evaluation of the tree diagrams in either gauge yields the Born amplitude
MBorn = 8piα
{
s
M2W − t
M0,t + s
M2W − u
M0,u −M0000
}
, (21)
where
M0,t = 2M0012 + 2M3400 − 2M0401 − 2M3020 + 2M0410 + 2M3002 +M(t)0000,
M0,u = 2M0021 + 2M4300 − 2M0310 − 2M4002 + 2M0301 + 2M4020 +M(u)0000. (22)
The lowest-order matrix element vanishes for the helicities (λ1, λ2, λ3, λ4) = (±,±, 0,±),
(±,±,±, 0), (±,±, 0,∓), (±,±,∓, 0), (±,±,±,∓), (±,±,∓,±).
The differential Born cross-section [ 6, 7] is obtained as
(
dσ
dΩ
)Born
=
β
64pi2s
∑
λ1λ2λ3λ4
1
4
(1 + λ1P
γ
1 ) (1 + λ2P
γ
2 ) |MBorn|2 , (23)
where P γ1,2 denote the degrees of photon-beam polarization and the sum over λ3, λ4 include
the desired W polarizations.
We list the differential cross-sections for several helicity configurations:
(
dσ
dΩ
)Born
±±TT
=
α2βs(2M4W − 4M2Ws+ s2)
(M2W − t)2(M2W − u)2
,
(
dσ
dΩ
)Born
±±LL
=
α2βM4Ws
(M2W − t)2(M2W − u)2
,
(
dσ
dΩ
)Born
±±(LT+TL)
= 0 ,
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(
dσ
dΩ
)Born
±∓TT
=
α2βs3
(M2W − t)2(M2W − u)2
{
2
(16M4W + s
2)(ut−M4W)2
s6β4
+
(t− u)2
s2β2
}
,
(
dσ
dΩ
)Born
±∓LL
=
α2(4M2W + s)
2(M4W − tu)2
β3s3(M2W − t)2(M2W − u)2
,
(
dσ
dΩ
)Born
±∓(LT+TL)
=
16α2M2W(2M
4
W − t2 − u2)(M4W − tu)
β3s2(M2W − t)2(M2W − u)2
. (24)
These results can be reconstructed from equation (5) in Ref. [ 7] or from equation (4.5)
in Ref. [ 6].
Adding up the single contributions, we get for the unpolarized differential cross-
section2 (
dσ
dΩ
)Born
unpol
=
3α2β
2s
{
1− 2s
2
(M2W − t)(M2W − u)
(
2
3
+
M2W
s
)
+
2s4
(M2W − t)2(M2W − u)2
(
1
3
+
M4W
s2
)}
. (25)
Integration over θcut ≤ θ ≤ pi − θcut yields:
σBorn±±TT =
16piα2
s
s2 − 4M2Ws + 2M4W
s2
{
log
(
1 + β cos θcut
1− β cos θcut
)
+
2β cos θcut
1− β2 cos2 θcut
}
,
σBorn±±LL =
16piα2
s
M4W
s2
{
log
(
1 + β cos θcut
1− β cos θcut
)
+
2β cos θcut
1− β2 cos2 θcut
}
,
σBorn±∓TT =
8piα2
sβ4
{
s2 + 16M4W
s2
β cos θcut
− 2s
4 − 2M2Ws3 − 2M4Ws2 + 32M6Ws− 32M8W
s4
log
(
1 + β cos θcut
1− β cos θcut
)
+ 4
s4 − 4M2Ws3 + 2M4Ws2 + 32M8W
s4
β cos θcut
1− β2 cos2 θcut
}
,
σBorn±∓LL =
4piα2
sβ4
(4M2W + s)
2
s2
{
β cos θcut − 4M
2
W(s−M2W)
s2
log
(
1 + β cos θcut
1− β cos θcut
)
+
8M4W
s2
β cos θcut
1− β2 cos2 θcut
}
,
σBorn±∓(LT+TL) =
128piα2
sβ4
M2W
s
{
−β cos θcut + s
2 − 2M2Ws+ 4M4W
s2
log
(
1 + β cos θcut
1− β cos θcut
)
− 4M
2
W(s− 2M2W)
s2
β cos θcut
1− β2 cos2 θcut
}
, (26)
and for the unpolarized cross-section
σBornunpol =
6piα2
s
{
β cos θcut − 4M
2
W
s
(
1− 2M
2
W
s
)
log
(
1 + β cos θcut
1− β cos θcut
)
2The second term in equation (6) of Ref. [ 7] should be multiplied by 2.
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√
s/GeV θ unpol ±±TT ±±LL ±∓TT ±∓LL ±∓(LT + TL)
500 0◦ < θ < 180◦ 77.6 82.2 6.10× 10−2 70.2 9.99× 10−1 1.69
20◦ < θ < 160◦ 36.7 42.7 3.17× 10−2 28.2 9.89× 10−1 1.49
1000 0◦ < θ < 180◦ 80.1 82.8 3.54× 10−3 76.9 2.52× 10−1 1.70× 10−1
20◦ < θ < 160◦ 14.2 16.8 7.18× 10−4 11.2 2.44× 10−1 1.21× 10−1
2000 0◦ < θ < 180◦ 80.6 81.6 2.14× 10−4 79.5 6.41× 10−2 1.50× 10−2
20◦ < θ < 160◦ 4.07 4.84 1.27× 10−5 3.23 6.11× 10−2 8.26× 10−3
Table 1: Lowest-order integrated cross-sections in pb for several polarizations
+
(
1
3
+
M4W
s2
)
16β cos θcut
1− β2 cos2 θcut
}
. (27)
In Figs. 7 and 8 we show the lowest-order cross-sections for various polarizations and
two different angular cuts θcut = 10
◦, 20◦. For θcut = 0, the cross-sections for transverse
W bosons approach a constant at high energies, s≫M2W, owing to the massive t-channel
exchange
σBorn±±TT, σ
Born
±∓TT −→s→∞
8piα2
M2W
= 80.8 pb. (28)
For a finite cut, σBorn±±TT and σ
Born
±∓TT behave as 1/s for large s. The cross-sections σ
Born
±∓LL
and σBorn±∓(TL+LT) are proportional to 1/s and 1/s
2, respectively, independently of the cut-
off. The cross-section σBorn±±LL goes like 1/s
2 at high energies for θcut = 0 and like 1/s
3
for a finite cut-off. It is suppressed by about a factor of 103 at ECMS = 500 GeV.
Note that the latter cross-section can be enhanced drastically by non-standard physics
[ 12]. At high energies, the unpolarized cross-section σBornunpol is dominated by transverse
W bosons, and all polarized cross-sections involving two transverse W bosons are of the
same order-of-magnitude. Close to threshold the differential and integrated cross-sections
for all polarization configurations vanish like β. Numerical values for the lowest-order
cross-sections can be found in Table 1.
Figures 9 and 10 show the angular distributions of the differential lowest-order cross-
sections for various polarizations at ECMS = 500, 1000 and 2000 GeV. The cross-sections
involving transverse W bosons are characterized by the t- and u-channel poles in the
forward and backward directions, respectively. With increasing energy they increase in the
very forward and backward direction proportional to s but decrease in the central angular
region proportional to 1/s. The respective behavior of (dσ/dΩ)Born±±LL is 1/s and 1/s
3. The
cross-sections (dσ/dΩ)Born±∓LL and (dσ/dΩ)
Born
±∓(LT+TL) vanish in the forward and backward
direction. While (dσ/dΩ)Born±∓LL reach their maxima at 90
◦ and decrease proportional to 1/s
for all angles, (dσ/dΩ)Born±∓(LT+TL) possess maxima at |cos θ| = β decreasing proportional
to 1/s and relative minima at θ = 90◦ decreasing proportional to 1/s2.
4 Radiative corrections
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4.1 Non-linear gauge fixing
We have performed the calculation of the radiative corrections in tHF gauge and a NL
gauge with the gauge-fixing term given in equation (20) applying the complete on-shell
renormalization scheme in both cases [ 17]. As pointed out in Sect. 2 the φ±W∓A vertices
vanish in NL gauge. As a consequence the φ self-energy and the φW mixing energy do
not contribute, and the number of vertex and box diagrams is reduced from 441 in tHF
gauge to 268 in NL gauge (for one fermion generation).
Furthermore, the analytical expressions for theW±u±uA,Z vertices (with u¯, u denoting
the Fadeev–Popov ghost fields) are proportional to the W-boson momentum in NL gauge
and thus vanish for on-shell W bosons. For this reason most of the box and vertex
diagrams with internal ghost fields vanish. As the corrections to the AAA and AAZ
vertices vanish in both gauges, the number of non-vanishing vertex and box diagrams
reduces to 365 in tHF gauge and to 168 in NL gauge. Moreover, many diagrams have a
simpler structure in NL gauge.
In order to determine the counterterms necessary for renormalization one has to cal-
culate the self-energies. Here we list the differences ∆Σ = ΣNL − ΣtHF between the
self-energies in NL gauge and the ones in tHF gauge. The transverse parts of the latter
can be found e.g. in Ref. [ 17]. For the transverse part of the W self-energy we find
∆ΣWWT =
α
2pi
(k2 −M2W)
[
B0(k
2, 0,MW) +
c2W
s2W
B0(k
2,MZ,MW)
]
, (29)
and for its longitudinal part
∆ΣWWL = −
α
4pi
{
c2W
s2W
(5k2 + 5M2Z − 3M2W)B0(k2,MW,MZ) + (5k2 − 3M2W)B0(k2,MW, 0)
+
5
s2W
M2W[B0(0, 0,MW)−B0(0, 0,MZ)]−
2
s2W
k2
}
, (30)
where B0 is the scalar one-loop two-point function [ 17, 18]. The differences for the
self-energies involving neutral gauge bosons can be given in a compact way
∆ΣBB
′
T = −
α
2pi
fBB
′
(2k2 −M2B −M2B′)B0(k2,MW,MW) , (31)
∆ΣBB
′
L =
α
2pi
fBB
′
(M2B +M
2
B′)B0(k
2,MW,MW) , (32)
with B(′) = A,Z and
fAA = 1, fAZ = −cW
sW
, fZZ =
c2W
s2W
. (33)
Note that the differences for the transverse parts of the W, Z, and A self-energies are
proportional to (k2 −M2W,Z) and k2, respectively.
4.2 Inventory of O(α) corrections
In the following we list the virtual corrections, i.e. the contributions to δM, in NL
gauge. We adopt the conventions of Ref. [ 17], where the necessary explicit results for
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the transverse parts of the self-energies and the renormalization constants can be found.
Because of the length of our results we do not explicitly write down the analytic expres-
sions.
Owing to our renormalization scheme, we have to deal with self-energy insertions
only into the internal lines of the tree diagrams of Fig. 1. These result in the following
contribution to the invariant matrix element
δMself = 4piα
{
2s
(M2W − t)2
ΣWWT (t)M0,t +
2s
(M2W − u)2
ΣWWT (u)M0,u (34)
+
1
t
(
ΣWWT (t)− ΣWWL (t)
)
M(t)0000 +
1
u
(
ΣWWT (u)− ΣWWL (u)
)
M(u)0000
}
.
Figure 2 shows the t-channel graphs for the upper AWW ∗ vertex (asterics denote off-
shell fields); the diagrams (h), (i), (k), (l), and (n) vanish for on-shell external photons and
W bosons. The diagrams for the lower AWW ∗ vertex can be constructed in an analogous
way, and the u-channel diagrams are obtained via crossing, i.e. the interchange of the two
external photons.
The AAA∗ and AAZ∗ vertex corrections vanish according to Yangs theorem [ 19] and
because the virtual A and Z are coupled to a conserved current. Thus, the only s-channel
vertex corrections, which contribute to δM, are the Higgs-resonant AAH∗-vertex graphs
shown in Fig. 5. For the graphs (a)–(d) also crossed ones exist. The AAH∗ corrections
are discussed in the next subsection.
The box diagrams are shown in Figs. 3 and 4. While to each diagram in Fig. 3 a
crossed partner diagram corresponds, those in Fig. 4 are symmetric under crossing. For
on-shell external bosons the graphs (h) and (i) of Fig. 3 and the graphs (e) and (f) of
Fig. 4 vanish.
The renormalization is performed in the on-shell renormalization scheme. Evaluation
of the counterterms diagrams yields
δMcounter = MBorn
(
2δZe + δZW + δZAA − cW
sW
δZZA
)
− 8piα
(
sδM2W
(M2W − t)2
M0,t + sδM
2
W
(M2W − u)2
M0,u
)
. (35)
In this context we mention that the massive gauge-boson sector does not break elec-
tromagnetic gauge invariance if the NL gauge fixing (20) is applied. As a consequence
on-shell photons do not mix with Z bosons rendering the counterterm δZZA zero,
δZZA = 2
ΣAZT (0)
M2Z
= 0. (36)
The charge renormalization constant δZe is then given by [ 17]
δZe = −1
2
δZAA =
1
2
∂ΣAAT (k
2)
∂k2
∣∣∣∣∣
k2=0
, (37)
so that the complete counterterm contribution to the matrix element M reduces to
δMNLcounter = MBornδZW − 8piα
(
sδM2W
(M2W − t)2
M0,t + sδM
2
W
(M2W − u)2
M0,u
)
. (38)
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Figure 2: The t-channel diagrams for the upper AWW ∗ vertex
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Figure 3: Non-crossing-symmetric box diagrams
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4.3 Higgs resonance
The Higgs resonance in γγ →W+W− was discussed extensively in the literature; see
e.g. Refs. [ 10, 11]. So we restrict ourselves to the listing of our results for the Higgs-
resonant graphs.
The Higgs-resonant part of the process is caused by the graphs of Fig. 5. These yield
a contribution of the form (compare Ref. [ 11])
δMAAH∗ = F
H(s)
s−M2H
M0000 (39)
with
FH(s) = − α
2
s2W
{
6M2W +M
2
H +M
2
WC
(gauge)C0(s, 0, 0,M
2
W,M
2
W,M
2
W)
− 2∑
f
N cfQ
2
fm
2
f
[
2 + (4m2f − s)C0(s, 0, 0, m2f , m2f , m2f)
]}
. (40)
The sum in (40) extends over all massive fermions with charge Qf and color factor N
c
f .
The coefficient C(gauge) is gauge-dependent and reads
C(gauge) = 12M2W + 2M
2
H − 8s (41)
in NL gauge and
C(gauge) = 12M2W +M
2
H − 7s (42)
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Figure 5: The AAH∗ vertex diagrams
in tHF gauge. Note that δMAAH∗ vanishes for opposite helicities of the incoming photons
or outgoing W bosons together with M0000. Hence the Higgs resonance is only present
for photons and W bosons with equal helicities.
In the literature [ 9, 10, 11], the Higgs-boson width has been introduced na¨ıvely by
the replacement
FH(s)
s−M2H
→ F
H(s)
s−M2H + iMHΓH
(43)
in (39). Owing to the gauge dependence of FH(s), this treatment destroys gauge in-
variance. The violation of gauge invariance occurs at the level of the non-resonant O(α)
corrections, which were neglected in Refs. [ 9, 10, 11]. Since our main concern are exactly
these corrections we have to take care of gauge invariance. To this end we decompose
(39) into a gauge-invariant resonant part and a gauge-dependent non-invariant part and
introduce ΓH only in the former. This results in the following replacement in (39)
FH(s)
s−M2H
→ F
H(M2H)
s−M2H + iMHΓH
+
FH(s)− FH(M2H)
s−M2H
. (44)
Equations (39) and (44) yield a gauge-invariant amplitude including the finite width in
the resonant Higgs contributions.
Since the resonant Higgs contributions are large for s ≈M2H, we take also the square of
the resonant part of the matrix element into account in the numerical analysis [compare
(47)].
For a calculation with order O(α) accuracy also near s = M2H, one should take into
account the O(α) corrections to the Higgs-boson width [ 20] and to FH(M2H) in the
resonant contribution. Since the Higgs resonance is not our main concern, we only take
into account the lowest-order decay width determined from the imaginary part of the
one-loop Higgs-boson self-energy and (40) for FH(M2H).
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4.4 Leading corrections
The electroweak radiative corrections typically involve leading contributions of univer-
sal origin such as the leading-logarithmic QED corrections, corrections arising from the
running of α, corrections associated with large top-quark or Higgs-boson masses, and the
Coulomb singularity at threshold for the production of a pair of charged particles.
We first discuss the leading weak corrections:
• For γγ → W+W−, the running of α is not relevant, as the two external photons
are on mass shell, i.e. the relevant effective coupling is the one at zero-momentum
transfer. Technically, the large logarithms present in the renormalization constant
δZe of the electron charge are canceled by the corresponding logarithms in the wave-
function renormalization constant δZAA of the external photons, as can be explicitly
seen in (37).
• The Higgs-mass-dependent corrections have been discussed in detail in Ref. [ 12]. In
the heavy-Higgs limit,MH ≫
√
s, no corrections involving log(MH/MW) orM
2
H/M
2
W
arise. Consequently the Higgs-mass dependence is small. However, for
√
s≫MH ≫
MW corrections proportional to M
2
H/M
2
W appear for the cross-sections involving
longitudinal gauge bosons as a remnant of the unitarity cancellations (compare
Ref. [ 21]). These give rise to large effects in particular for σ±±LL.
• The situation is similar for the top-dependent corrections. As the lowest-order
matrix element is independent of the weak mixing angle, no universal corrections
proportional to m2t/M
2
W arise from renormalization. It can be easily derived by
power counting that such terms do also not result from loop diagrams in the heavy
top limit mt ≫
√
s. A more accurate analysis reveals that even no terms involving
log(mt/MW) occur in this limit. On the other hand, for
√
s≫ mt ≫MW corrections
proportional to m2t/M
2
W appear for longitudinal gauge bosons (compare Ref. [ 21]).
All these statements hold in the on-shell renormalization scheme with α, MW and MZ as
input parameters. If theMW mass is determined fromGµ, corrections involving logarithms
of the light fermion masses, mt, and MH occur together with the universal corrections
proportional to m2t/M
2
W associated with the ρ parameter.
The leading corrections of electromagnetic origin are independent of the renormaliza-
tion scheme and the input parameters:
• As γγ → W+W− involves no light charged external particles, no large logarith-
mic corrections associated with collinear photons show up apart from the region of
very high energies, s ≫ M2W. As a consequence, the photonic corrections are not
enhanced with respect to the weak corrections.
• Close to threshold, the Coulomb singularity gives rise to large effects as in any pair-
production process of charged particles. These effects can be extracted on general
grounds or directly from the Feynman diagrams. To this end one has to consider
all diagrams resulting from the lowest-order diagrams with an additional photon
exchanged between the final state W bosons (Fig. 6). In the limit β ≪ 1 one
obtains:
δσCoul. =
αpi
2β
σBorn. (45)
15
γγ γ
γ γ
γ
γγγ
WW
W
W W
W
W
W
W
W
W W
W W
Figure 6: The diagrams that contribute to the Coulomb singularity in NL gauge
The β−1 correction factor in (45) to the Born cross-section near threshold is typical
for the pair production of stable (on-shell) particles. The generalization to unstable
(off-shell) particles can be found in the literature [ 22].
At high energies, s ≫ M2W, the radiative corrections are dominated by terms like
(α/pi) log2(s/M2W), which arise from vertex and box diagrams (comp. Ref. [ 21]). At
1TeV these are about 10%, setting the scale for the (weak) radiative corrections at this
energy.
4.5 Structure of the final result
For a consistent treatment of the virtual one-loop radiative corrections the squared
transition matrix element has to be expanded in a power series of the coupling constant
α
|M|2 = |MBorn|2 + 2Re{δMM∗Born}+ higher orders. (46)
The O(α) correction δM to the matrix element M is decomposed as in (4). We do
not consider those polarization configurations for which the lowest-order matrix element
vanishes.
The invariant functions Fijkl are calculated in terms of standard tensor integrals, which
are reduced to scalar integrals by the procedure proposed in Ref. [ 23]. The scalar one-
loop integrals are evaluated using the methods and general results of Ref. [ 18]. Whereas
UV divergences are regularized dimensionally, we treat IR divergences by introducing an
infinitesimal photon mass λ. The artificial λ dependence drops out when soft-photon
bremsstrahlung is added.
The cross-section including full O(α) corrections and the squared Higgs-resonant O(α)
contributions read(
dσ
dΩ
)
=
β
64pi2s
∑
λ1λ2λ3λ4
[
|MBorn|2 (1 + δSB) + 2Re{δMM∗Born}+
|FH(M2H)M0000|2
(s−M2H)2 + Γ2HM2H
]
=
(
dσ
dΩ
)Born
(1 + δ), (47)
where
δSB = −α
pi
{
2 log
2∆E
λ
+
1
β
log
(
1− β
1 + β
)
+
s− 2M2W
sβ
[
2 log
2∆E
λ
log
(
1− β
1 + β
)
−2Li2
(
1− β
1 + β
)
+
1
2
log2
(
1− β
1 + β
)
+
pi2
3
− 2 log
(
1− β
1 + β
)
log
(
2β
1 + β
)]}
(48)
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denotes the soft-photon correction factor, ∆E is the maximal energy of the emitted pho-
ton, FH is given in (40), and δ is the relative correction.
For the integrated cross-section σ, the relative correction is defined analogously
σ =
∫ θmax
θmin
dcos θ
∫ 2pi
0
dφ
(
dσ
dΩ
)
= σBorn(1 + δ). (49)
In order to ensure the correctness of our results we have performed three different
calculations. The corrections were calculated with FeynCalc [ 15] both in tHF gauge and
NL gauge (20). A further calculation was performed independently with Mathematica
without using FeynCalc in NL gauge. The results of these various calculations agree nu-
merically within 8–9 digits for the corrected cross-section. Moreover, we have checked that
all UV and IR singularities cancel, and that the symmetries discussed in Section 2 hold.
Finally, the leading corrections discussed in Section 4.4 have been deduced analytically
and checked numerically.
5 Numerical results
For the numerical evaluation we used the following set of parameters [ 24]
α = 1/137.0359895 Gµ = 1.166390× 10−5GeV−2
MZ = 91.187GeV, MH = 250GeV,
me = 0.51099906MeV, mµ = 105.65839MeV, mτ = 1.777GeV,
mu = 46.0MeV, mc = 1.50GeV, mt = 170GeV,
md = 46.0MeV, ms = 150MeV, mb = 4.50GeV. (50)
The masses of the light quarks are adjusted such that the experimentally measured
hadronic vacuum polarization is reproduced [ 25]. As discussed in the previous sec-
tion, no large logarithms associated with fermion masses enter the O(α) corrections for
γγ →W+W− in the on-shell renormalization scheme, and the fermion mass contributions
are only of the order αm2f/M
2
W. However, as the Fermi-constant Gµ is empirically much
better known than the W mass, MW is usually calculated from all the other parameters
using the muon decay width including radiative corrections. In this calculation of MW
all parameters given above enter sensibly. If not stated otherwise, MW is determined in
the following using formulae (2.56) and (2.57) of Ref. [ 26]. The above set of parameters
yields
MW = 80.333GeV.
As discussed above, no leading collinear logarithms occur in γγ →W+W−. Thus, the
only source of enhanced photonic corrections are the soft-photon-cut-off-dependent terms
which yield the following relative correction
δcut = −2α
pi
log
∆E
E
(
1− s− 2M
2
W
sβ
log
1 + β
1− β
)
. (51)
While these cut-off-dependent terms are definitely of electromagnetic origin, the complete
electroweak O(α) corrections cannot be separated on the basis of Feynman diagrams in
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a gauge-invariant way. Since we are mainly interested in the weak corrections we discard
the cut-off-dependent terms (51) and consider the rest as a suitable measure of the weak
corrections for the process at hand. The elimination of the cut-off-dependent terms can be
achieved simply by setting the soft-photon cut-off energy equal to the beam energy. If not
stated otherwise, the correction δ stands in the following for the complete soft-photonic
and virtual electroweak corrections as defined in (47) for ∆E = E.
Figure 7 shows the corrections to the total cross-sections integrated over 10◦ ≤ θ ≤
170◦ for different boson polarizations. The dominating channels involving transverse
W bosons get corrections which almost coincide with each other as well as the unpolarized
case and reach roughly −20% at √s = 2TeV. For θcut = 10◦ the corrections to σ±∓LL are
similar, and those to σ±∓(LT+TL) are only slightly larger. The corrections to σ±±LL are
completely different. At low energies they are dominated by the Higgs resonance, at high
energies by corrections proportional to M2H/M
2
W which are additionally enhanced owing
to the suppression of the corresponding lowest-order cross-section. This cross-section,
which is also most sensitive to a very heavy Higgs boson, has been discussed in detail
in Ref. [ 12]. Note that owing to helicity conservation only the cross-sections with equal
photon and W boson helicities are affected by the Higgs resonance.
Imposing a more stringent angular cut 20◦ < θ < 160◦ to the phase-space integration,
the corrections become larger at high energies for all polarizations involving t- and u-
channel poles and reach about −35% at √s = 2TeV (Fig. 8). This is due to the fact
that after cutting off the dominant forward and backward peaks we are left with a region
in phase space where the influence of the radiative corrections becomes more important.
The corrections to the other cross-sections, in particular to σ±∓LL, are hardly affected.
In Figs. 9 and 10 we show the corrections to the differential cross-sections for
√
s = 0.5,
1 and 2TeV. Whenever the differential cross-section is sizable, δ is of the order of 10%.
The corrections are in particular small in the forward and backward direction for all
cross-sections that involve t- and u-channel poles in lowest order. On the other hand,
the corrections get very large when the lowest-order cross-section is suppressed or tends
to zero, in particular for dσ±±LL/dΩ at high energies and intermediate scattering angles.
The maximal corrections are usually reached for central values of the scattering angle.
In accordance with the discussion in Section 2, the corrections are forward-backward
symmetric for equal photon helicities. For opposite photon helicities they include an
asymmetric contribution originating from box diagrams and AWW vertex corrections
involving fermion loops. The corrections for two negative helicity photons are equal
to those for two positive helicity photons. As a consequence of Bose symmetry, the
corrections to dσ+−/dΩ are obtained from those to dσ−+/dΩ upon exchanging u and t,
i.e. θ ↔ 180◦ − θ. Thus, the unpolarized cross-section is forward–backward-symmetric.
In Table 2 we list the unpolarized cross-section and the corresponding corrections for
several energies and scattering angles. We include the corrections for a soft-photon-energy
cut-off ∆E = 0.1E, the cut-off-dependent corrections δcut from (51), and the individual
(gauge-invariant) fermionic δferm and bosonic corrections δbos. The fermionic corrections
consist of all loop diagrams and counterterm contributions involving fermion loops, all
other contributions form the bosonic corrections. The fermionic corrections stay below 5–
10% even for high energies. On the other hand, the bosonic contributions are responsible
for the large corrections at high energies, in particular in the central angular region.
18
±±TT
±∓TT
±±LL
±∓LL
±∓(LT+TL)
unpolarized
σBorn/pb
ECMS/GeV
2000180016001400120010008006004002000
102
101
100
10−1
10−2
10−3
±±TT
±∓TT
±±LL
±∓LL
±∓(LT+TL)
unpolarized
δ/%
ECMS/GeV
2000180016001400120010008006004002000
30
20
10
0
−10
−20
−30
−40
−50
−60
Figure 7: Integrated lowest-order cross-sections and corresponding relative corrections for
several polarizations with an angular cut 10◦ ≤ θ ≤ 170◦
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Figure 8: Same as in Fig. 7 but with an angular cut 20◦ ≤ θ ≤ 160◦
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Figure 9: Differential lowest-order cross-sections and relative corrections for the unpolar-
ized cross-section and the cross-sections with equal photon helicities
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Figure 10: Differential lowest-order cross-sections and relative corrections for the cross-
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√
s/GeV θ σBorn/pb δ∆E=0.1E/% δcut/% δ∆E=E/% δbos/% δferm/%
5◦ 98.13 0.02 −2.79 2.81 1.49 1.32
20◦ 26.04 −2.68 −2.79 0.11 −0.08 0.19
500 90◦ 0.724 −10.79 −2.79 −8.00 −5.62 −2.38
0◦ < θ < 180◦ 77.55 −3.38 −2.79 −0.59 −0.65 0.06
10◦ < θ < 170◦ 60.74 −4.27 −2.79 −1.48 −1.21 −0.27
20◦ < θ < 160◦ 36.67 −6.06 −2.79 −3.27 −2.39 −0.89
5◦ 291.9 −2.06 −4.31 2.25 1.04 1.21
20◦ 15.61 −11.90 −4.31 −7.59 −6.37 −1.22
1000 90◦ 0.193 −31.64 −4.31 −27.33 −21.93 −5.40
0◦ < θ < 180◦ 80.05 −7.08 −4.31 −2.77 −2.71 −0.06
10◦ < θ < 170◦ 37.06 −12.26 −4.31 −7.95 −6.65 −1.30
20◦ < θ < 160◦ 14.16 −19.29 −4.31 −14.98 −12.20 −2.78
5◦ 418.8 −7.14 −5.80 −1.33 −1.59 0.25
20◦ 5.163 −30.31 −5.80 −24.51 −20.96 −3.55
2000 90◦ 0.049 −59.59 −5.80 −53.78 −45.47 −8.32
0◦ < θ < 180◦ 80.59 −9.85 −5.80 −4.04 −3.95 −0.09
10◦ < θ < 170◦ 14.14 −27.15 −5.80 −21.35 −18.34 −3.01
20◦ < θ < 160◦ 4.068 −41.22 −5.80 −35.41 −30.12 −5.29
Table 2: Lowest-order cross-sections and relative corrections for unpolarized particles
In Ref. [ 6] various observables have been investigated in view of their sensitivity to
anomalous couplings, involving the total cross-section and the following ratios3
RIO =
σ(|cos θ| < 0.4)
σ(|cos θ| < 0.8) , (52)
RLT =
σLL
σTT
, (53)
R02 =
σ++
σ+−
. (54)
We list the lowest-order predictions together with theO(α)-corrected ones and the relative
corrections for these observables in Table 3 using |cos θcut| = 0.8.
In Tables 4 – 7 we show the variation of the SM corrections with the top-quark and
Higgs-boson masses at
√
s = 500GeV in per cent of the cross-section for our standard
set of parameters (50). We have determined this variation by searching the maximum
and minimum cross-sections in the range 130GeV < mt < 210GeV for the variation with
mt and in the ranges 60GeV < MH < 400GeV and 600GeV < MH < 1000GeV for
the variation with MH. The range 400GeV < MH < 600GeV has been left out as there
the Higgs-mass dependence is dominated by the Higgs resonance. Because the resonance
3Note that we do not perform a convolution with a realistic photon spectrum but consider the incoming
photons as monochromatic.
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√
s/GeV σ/pb RIO RLT R02
Born level 15.74 0.265 0.0308 1.934
500 corrected 14.82 0.259 0.0325 1.950
corrections/% −5.83 −2.02 5.43 0.78
Born level 4.659 0.241 0.0235 2.229
1000 corrected 3.617 0.227 0.0276 2.184
corrections/% −22.36 −5.64 17.08 −2.05
Born level 1.218 0.234 0.0220 2.307
2000 corrected 0.647 0.207 0.0321 2.168
corrections/% −46.86 −11.53 46.11 −6.02
Table 3: Lowest-order predictions and corresponding corrections for various observables
and |cos θcut| = 0.8
MW fixed UUUU ++TT ++LL +−TT +−LL +−(LT + TL)
θ = 20◦ 0.15% 0.18% 0.46% 0.14% 0.53% 0.06%
θ = 90◦ 0.62% 0.58% 3.52% 0.44% 1.50% 0.29%
integrated over
10◦ < θ < 170◦ 0.22% 0.26% 1.06% 0.16% 1.23% 0.25%
20◦ < θ < 160◦ 0.29% 0.33% 1.48% 0.21% 1.23% 0.26%
Table 4: Variation of various polarized cross-sections at ECMS = 500GeV for fixed MW
with the top-quark mass in the range 130GeV < mt < 210GeV in per cent of the cross-
section for mt = 174GeV
dominates σ±±LL in an even wider range, we have omitted this cross-section in the tables
for the Higgs dependence.
In Tables 4 and 5 the W-boson mass is kept fixed at MW = 80.22GeV. Then, as
argued in the previous section, the variation is small owing to the absence of large top-
and Higgs-mass-dependent corrections. The larger variation of the cross-sections involving
longitudinal W bosons is due to terms proportional to m2t/M
2
W or M
2
H/M
2
W arising as a
remnant of the unitarity cancellations for
√
s ≫ mt,MH. These terms induce a sizable
variation of these cross-sections with mt and MW at higher energies.
The variations of the corrections for fixed Gµ are shown in Tables 6 and 7. It is larger
in particular for the cross-sections for purely transverse W bosons. This fact results from
the dependence of MW on mt and MH that involves logarithmic top- and Higgs-mass-
dependent terms and terms proportional to m2t/M
2
W.
To visualize the Higgs resonance, we plot in Fig. 11 the cross-section including O(α)
corrections integrated over 20◦ < θ < 160◦ for various values of the Higgs-boson mass.
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MW fixed UUUU ++TT +−TT +−LL +−(LT + TL)
θ = 20◦ 0.16% 0.18% 0.13% 0.37% 0.81%
θ = 90◦ 0.44% 0.21% 0.34% 2.62% 1.51%
integrated over
10◦ < θ < 170◦ 0.09% 0.12% 0.10% 2.04% 0.37%
20◦ < θ < 160◦ 0.07% 0.09% 0.06% 2.06% 0.52%
Table 5: Variation of various polarized cross-sections at ECMS = 500GeV for fixed MW
with the Higgs-boson mass in the ranges 60GeV < MH < 400GeV and 600GeV < MH <
1000GeV in per cent of the cross-section for MH = 250GeV
Gµ fixed UUUU ++TT ++LL +−TT +−LL +−(LT + TL)
θ = 20◦ 1.20% 1.24% 1.39% 1.17% 0.45% 0.05%
θ = 90◦ 0.18% 0.06% 3.23% 0.20% 1.56% 1.22%
integrated over
10◦ < θ < 170◦ 0.98% 0.94% 1.62% 1.12% 1.17% 0.84%
20◦ < θ < 160◦ 0.52% 0.51% 2.03% 0.67% 1.19% 0.95%
Table 6: Same as in Table 4 but now for fixed Gµ
Our results agree qualitatively4 well with those of Ref. [ 10]. While the resonance is
comparably sharp at small energies, it is washed out by the large width of the Higgs
boson at high energies. Already for MH = 400GeV the Higgs resonance is hardly visible
in γγ →W+W−.
6 Summary
The process γγ → W+W− will be one of the most interesting reactions at future γγ
colliders. In particular, it is very useful to study triple and quartic non-Abelian gauge
couplings.
4See footnote 3.
Gµ fixed UUUU ++TT +−TT +−LL +−(LT + TL)
θ = 20◦ 0.33% 0.33% 0.35% 0.73% 0.81%
θ = 90◦ 0.56% 0.36% 0.55% 2.63% 1.26%
integrated over
10◦ < θ < 170◦ 0.36% 0.34% 0.38% 2.09% 0.25%
20◦ < θ < 160◦ 0.31% 0.27% 0.32% 2.10% 0.37%
Table 7: Same as in Table 5 but now for fixed Gµ
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Figure 11: Integrated unpolarized cross-section including O(α) corrections for various
Higgs-boson masses (20◦ < θ < 160◦)
We have calculated the one-loop radiative corrections to γγ → W+W− within the
electroweak Standard Model in the soft-photon approximation for arbitrary polarizations
of the photons and W bosons. By using a non-linear gauge-fixing term the number of con-
tributing diagrams can be reduced by roughly a factor of two. An interesting peculiarity
of γγ → W+W− is the absence of most (universal) leading corrections, such as leading
logarithms of light quark masses associated with the running of α and leading logarithms
associated with collinear bremsstrahlung. Therefore, the theoretical predictions are very
clean.
In the heavy mass limit no leading m2t - and logmt-terms and logMH-terms exist.
Consequently, the variation of the cross-sections with the top-quark and Higgs-boson
masses is small if MW is kept fixed with the exception of the cross-sections involving
longitudinal W bosons at high energies. For fixed Gµ the variation arises mainly from the
variation of MW with mt and MH and is thus of similar origin like the one of e
+e− → f f¯
or e+e− →W+W−.
We have presented a detailed numerical discussion of the lowest-order cross-sections
and the virtual and soft-photonic corrections to γγ → W+W−. The soft-photon-cut-off-
independent radiative corrections to the total cross-section are of the order of 10%. They
are increased at high energies if the forward and backward regions are excluded by an
angular cut. This is due to the fact that at high energies the radiative corrections reach
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several 10% for intermediate scattering angles whereas they are at the level of several per
cent in the forward and backward direction which dominate the total cross-section. The
large corrections are caused by bosonic loop diagrams whereas the effects of the fermionic
diagrams are of the order of 5–10%.
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